Numerical simulation of unsteady flows around helicopters was conducted to investigate the aerodynamic interaction of main rotor and other components such as fuselage and tail rotor. For this purpose, a three-dimensional inviscid flow solver has been developed based on unstructured meshes. An overset mesh technique was used to describe the relative motion between the main rotor, and other components. As the application of the present method, calculations were made for the rotorfuselage aerodynamic interaction of the ROBIN (ROtor Body INteraction) configuration and for a complete UH-60 helicopter configuration consisted of main rotor, fuselage, and tail rotor. Comparison of the computational results was made with measured time-averaged and instantaneous fuselage surface pressure distributions for the ROBIN configuration and thrust distribution and available experimental data for the UH-60 configuration. It is demonstrated that the present method is efficient and robust for the simulation of complete rotorcraft configurations.
Introduction
Prediction of unsteady flow fields around helicopters is one of the most difficult problems in modern CFD. The tip vortex interacting with rotor blades causes Blade-Vortex Interaction (BVI) which generates highly directional impulsive noise and sudden change in the blade aerodynamic loading. The aerodynamic interaction between the rotor wake and the fuselage results in unsteady loading on the fuselage, and causes a fuselage vibration problem. These aerodynamic interactions significantly affect on the performance of helicopters and can cause structural damage.
Therefore, precise understand of the aerodynamic interaction between rotor, fuselage, and other components is needed. However, the existence of fuselage underneath the rotor amplifies the complexity of analysis, and the unsteadiness of the rotor wake and the asymmetric nature of the rotor disk loading make it difficult to predict the flow field around the full helicopter configuration.
Several research works have been conducted previously to calculate the complicated unsteady flow fields around helicopters involving mutual aerodynamic interaction between the rotor and the fuselage. As the traditional way, lifting line/free-wake methods coupled with potential theory have been used to model the rotor blades and the fuselage [1] [2] [3] . These methods are computationally inexpensive and provide fundamental understanding of the rotor fuselage phenomena, but are limited to inviscid flows.
Owing to the development of high performance computers, analysis of rotor fuselage interaction became possible with the Euler or Navier-Stokes methods modeling with a simplified modeling of rotor such as the actuator disc [4, 5] .
These methods provide reasonable timeaveraged/time accurate solutions, but because of the simplified representation of the rotor, it is difficult to capture the precise influence of the rotor wake on the fuselage and the unsteady flow features such as the tip-vortex generation, or blade-vortex interaction.
As an alternative to above-mentioned methods, a method that describes the relative motion between the rotor and the fuselage directly has been developed using either sliding mesh or structured overset mesh technique [6] [7] [8] . Through these methods, it became possible to model the both fuselage and rotor with high resolution Euler/Navier-Stokes methods. However, because of the regularity required in the grid point distribution, the overset method based on structured grids is difficult to enhance the local resolution of the solution by mesh adaptation. Also, it is known that the sliding mesh method is not robust when mesh deformation becomes severe due to large blade motion or deflection.
Recently, to overcome these limitations, the methods based on unstructured overset mesh have been widely used by many researchers, because unstructured mesh methods have an advantage of handling complex geometry and can easily improve the solution accuracy by refining cells locally as required [9] [10] [11] .
In the present study, a numerical method has been developed for the simulation of inviscid unsteady flows around a complete rotorcraft configuration based on unstructured meshes. Even though it is also possible to simulate unsteady flowfield with viscous method, the calculation is still expensive compared to inviscid method. To describe the relative motion between the main rotor, and other components, an overset mesh technique was adopted. To enhance the spatial accuracy of the solution, a quasi-unsteady solution-adaptive mesh refinement technique was applied.
For the application of the present method, calculations were made for the rotor-fuselage interaction of the ROBIN configuration. The results were compared with experimental data. As the second application, the mutual interference between main rotor, fuselage, and tail rotor of a complete UH-60 configuration was investigated. The flowfield and the airloads on the rotor were examined. From the results, the characteristics of the rotor-fuselage interaction and the mutual interference effect on overall flowfield around a helicopter were demonstrated.
Numerical Method

Spatial Discretization and Time Integration
The equations governing three-dimensional, inviscid, unsteady, compressible flows are the Euler equations, which can be recast in an integral form for a bounded domain V with boundary
where
is the solution vector of the conservative variables for the mass, momentum and energy equations. The governing equations were discretized using a vertexcentered finite-volume method. The flow domain was divided into a finite number of control volumes surrounding each vertex, which are made of a non-overlapping median-dual cell whose boundary surfaces are defined by the cell centroid, face centroid, and mid-point of the edge. The inviscid flux term,
 
FQ , was computed using Roe's flux-difference splitting scheme [12] . The flow variables at each dual face were computed by using a linear reconstruction technique to achieve second-order spatial accuracy. In this approach, the face value of the primitive variables was calculated from those at the dual face using the averaged solution gradient of each control volume obtained from a least-square procedure.
An implicit time integration algorithm based on a linearized second-order Euler backward differencing was used to advance the solution in time. The linear system of equations was solved at each time step using a point Gauss-Seidel method.
Boundary Condition
On the solid surface of the fuselage and the rotor blades, the flow tangency condition was imposed. The density and the pressure on the solid surface were obtained by extrapolating from the interior domain. At the far-field boundary, the characteristic boundary condition with Riemann invariants was used.
Unstructured Overset Mesh Technique
To handle multiple bodies in relative motion effectively, an overset mesh scheme was adopted [13] . For the overset mesh method, a search procedure is needed for the identification of donor cells that contain the verticies from the opposite overlapping mesh block. For unstructured meshes, the search should be performed for all nodes of all mesh blocks, because the nodes and the cells are randomly distributed. To overcome the large computational overhead involved in this search process, a fast and robust neighbor-to-neighbor search technique was implemented by utilizing the property of the linear shape functions [14] . Under parallel computing environment, the search may develop across the subdomain block boundary, and the amount of data information assigned to each processor may change at each iteration. To handle this varying amount of calculation load efficiently, a new data structure for parallel distributed memory machine was implemented.
Once the search process is completed, the information is used for clarifying the node type and for determining the weighting factors necessary for the interpolation. In the present overset mesh method, a distance-to-wall technique [15] was implemented for grouping active nodes and nonactive nodes. Hole cutting for determining cell types as either active, interpolation, or non-active was made based on the number of active nodes assigned to each tetrahedral cell. Then interpolation and transfer of the flow variables were made between adjacent mesh blocks. In order to reduce the error involved in the interpolation, both the cell containing the interpolation receiver and also the neighboring cells enclosing that cell were considered.
Mesh Adaptation
To reduce the numerical dissipation and to enhance the spatial accuracy of the solution, a solution-adaptive mesh adaptation procedure was applied. In the present study, a quasi-unsteady mesh refinement technique was adopted to avoid excessive computational time required by dynamic mesh adaptation applied in a fully unsteady manner.
In this approach, as the blade rotates, cells having high vorticity are tagged at every time step. Once the rotor completes one period of rotation, the calculation is paused and the tagged cells are divided. Then the refined mesh is repartitioned for load balancing and the calculation resumes. The tagged cells are divided by adding new nodes in the middle of six edges of each tetrahedral cell. Buffer cells are also used to preserve the connectivity between the divided and surrounding cells.
The mesh adaptation was performed for each individual mesh block, independent to other blocks.
Rotor Trim
For rotors in forward flight, to retain the calculated thrust to the experimental value and to eliminate the rotor aerodynamic moment, a rotor trim procedure was adopted. The thrust and moment coefficients can be expressed as a function of the collective and cyclic pitch angles. Then the equilibrium state was obtained by adjusting the trim angles iteratively using a Newton-Raphson method.
Parallel Computation
In order to reduce the large computational time to handle a large number of cells, a parallel computational algorithm based on a domain decomposition strategy was adopted. The load balancing between processors was achieved by partitioning the global computational domain into local subdomains using the MeTiS libraries. The Message Passing Interface was used to transfer the flow variables across the subdomain boundary. This load balancing was made for each sub-block mesh, and thus was not strictly enforced for the global computational domain. All calculations were made on Linux-based PC clusters having 2.5G Hz Intel Core 2 Quad CPU.
Result and Discussion
Initially, calculation was made for the ROBIN rotor-fuselage configuration to validate the capability of the present method for accurately predicting induced downwash by the main rotor and the rotor-fuselage aerodynamic interference phenomena. Then the present method was applied to a complete configuration of UH-60 helicopter composed of main rotor, tail rotor, and fuselage. sub-block. In Fig. 2 , the computational mesh distribution after mesh adaptation for μ=0.15 is presented at the fuselage symmetric plane. It is shown that small cells are distributed around the blades and the fuselage where the inference between the two components becomes most severe. For the accurate simulation, the blade control angle setting was adjusted until the calculated thrust matched to that of the experiment. The trim of rotor was conducted with the coarse mesh. The rotor was advanced by 0.25 degrees at each time step. In the case of the advance ratio of μ=0.012, since the advance ratio is very small, the rotor trim was performed only for the collective pitch angle, and the longitudinal and lateral cyclic pitch angles were used as provided from the experiment. In table 1, comparison of the experimentally measured control angles and the The converged solution was achieved after 18, 36, 33 revolutions for each advance ratio μ =0.012, 0.15, and 0.23, respectively.
Figs. 3 and 4 show the comparison of t h e u n s t e a d y p r e s s u r e c o e f f i c i e n t w i t h theexperimental data. The results are represented
as the modified pressure coefficient that is nondimensionalised by the rotor tip speed and multiplied by 100. It is also noticed that the experimental unsteady pressure data presented in this paper were shifted in phase by 252 degrees [17] from the original data to correct the phase delay occurred in the experiment.
In Fig. 3 , unsteady pressure variations along the top center of the fuselage are compared with the experiment at four selected surface points. Although there is small deviation in the phase from the experiment, the overall results are in good agreement with the experiment for both magnitude and phase. In Fig. 4 , unsteady pressure variations around the fuselage at the streamwise station x/l=0.9 are compared with the experiment at four selected points; two at the advancing side of the fuselage, D23 and D25, and the other two at the retreating side, D4 and D19. It is shown that the results compare reasonably well with the experiment, even though the phase difference still exists between the two results.
The time-averaged pressure distributions around the fuselage at two selected streamwise locations are compared with the experiment in Fig.  5 . It is shown that good comparison is made at X/l=0.35 located ahead of the p ylon. At the location downstream of the pylon, X/l=1.17, the overall agreement is fair, and some deviation is observed, particularly at negative z-locations. This is presumably due to the fact that these points are under the fuselage and are affected by the structure supporting the fuselage in the experiment, which is not modeled in the present simulation.
In Fig. 6 , the instantaneous vorticity contours are presented at the fuselage symmetric plane. It is shown that the fuselage is completely submersed inside the rotor wake, and the tip vortex directly impinges to the fuselage at advance ratio of μ=0.012. However, as the advance ratio increases, rotor wake becomes skewed further such that only the rear part of ROBIN fuselage is affected. At the advance ratio of μ=0.15, the rear part of pylon and tail boom of fuselage is affected by the wake, but at μ=0.23, the direct impingement of wake is not observed. 
Complete UH-60 Configuration
As the second validation, the mutual interaction of main rotor, fuselage, and tail rotor was simulated for a complete UH-60 helicopter configuration. The main rotor is consisted of four blades that are made of SC-1095 and SC-1094 airfoil sections, and have an aspect ratio of 15.51 [18] . The blade of the tail rotor has an aspect ratio of 3.1, and the gear ratio of the tail rotor to the main rotor is 4.62 [19] . For the simplicity of the calculation, the engine casing and the landing gear were not modeled. The calculation was made for a hovering flight condition at a blade tip Mach number of 0.65 and a collective pitch angle of 9.2° with CT/σ=0.085.
In this calculation, a simplified trim was made such that the torque produced by the main rotor is compensated by the tail rotor. For this purpose, the collective pitch angle of the tail rotor blade was adjusted until the main rotor torque Cq obtained experimentally [20] , 6.7732X10 -4 , was cancelled by . Fig. 7 shows the mesh distribution on the surface of the UH-60 configuration and at the fuselage symmetric cutting plane. The computational overset mesh contained 504,488, 679,940, and 110,040 vertices in each mesh block for fuselage, main rotor, and tail rotor, respectively. It is shown that fine cells are distributed around the main rotor, tail rotor, and fuselage to capture the wake and the aerodynamic interaction phenomena more accurately. The total number of cells used was 6,902,466.
In Fig. 8 , the downwash inflow contours at one chord length above the rotor disk plane is presented. It shows that the contours are slightly distorted near Ψ = 0 °, showing higher inflow in this region. This is because strong sidewise flow is pumped by the tail rotor, which sucks in a substantial amount of downwash flow from the main rotor. As a result, the magnitude of downwash near the tail rotor along the rotor azimuth angle Ψ = 0° increased. In Fig. 9 , the downwash distribution along Ψ = 0° at one chord length above the rotor disk plane is presented. The result is also compared with that of the rotor-fuselage configuration without the t a i l r o t o r . T h e f i g u r e s h o w s t h a t h i g h e r Fig. 9 . Inflow distribution along Ψ = 0 ° at one chord length above rotor disk plane downwash is obtained near the tip of the main rotor blade and slightly off the rotor disk plane due to the interaction with the tail rotor, which subsequently reduces the effective angle of attack for the main rotor blade in this region, compared to the case without the tail rotor.
In Fig. 10 , spanwise sectional thrust distributions of the main rotor blade at four azimuth angles are presented, and the results are compared with those of an isolated rotor and the rotor-fuselage configuration. It is shown that allThree calculatedresults are similar to each other, and compare well with the experiment obtained for the rotor-alone configuration. However, at Ψ = 0°, the thrust loading for theconfiguration with the tail rotor is substantially lower This confirms that higher induced downwash exists in the region near the tail rotor, which reduces the effective angle of attack and thus the blade loading.
In Fig. 11 , the sectional thrust contours are presented for one revolution of the main rotor. It is shown that a significant distortion of blade loading exists for the rotor azimuth angle between 320° and 15°, due to the interference with the tail rotor as described above, which could be a potential source of blade vibration. 
Conclusion
Numerical simulations of unsteady flows around helicopters were conducted to investigate the aerodynamic interaction between the main rotor and other components. For this purpose, a vertex-centered finite-volume flow solver based on unstructured meshes has been developed. An overset mesh technique was used to describe the relative motion between the main rotor and other components, and a quasi-unsteady solutionadaptive mesh technique is used to enhance the spatial accuracy of the solution. As the application of the present method, calculations were made for the rotor-fuselage interaction of the ROBIN configuration and for a complete UH-60 helicopter configuration. From the results, it was found that significant mutual interference exists between the main rotor and other components, and this interaction affects unsteady flow characteristics and the aerodynamic loads of helicopters. It was also demonstrated that the present method is efficient and robust for simulating unsteady rotorfuselage interaction.
